The extent and structure of genetic variation in 21 populations covering the five species of the Sitopsis group of Aegilops were investigated by analysis of electrophoretically discernible water soluble leaf proteins. Sixteen loci were examined. All loci were polymorphic across the five species. Over 40 per cent of the alleles were found in all five species and only three rare alleles were speciesspecific. Genetic diversity was high (D = 0.267) with 51 per cent of the total diversity contributed by within-population diversity, 16 per cent by diversity between populations within a species and 33 per cent by diversity between species. Over all 21 populations the mean number of alleles per locus per population was 1.57 and the proportion of polymorphic loci was 0.38. Aegilops speltoides was genetically distant from the other four species, Ae. bicornis, Ae. longissima, Ae. searsii and Ae. sharonensis. Aegilops sharonensis was found to be equally close to Ae. longissima and Ae. bicornis. Aegilops searsii was equally distant from Ae. longissima, Ae. bicornis and Ae. sharonensis.
Introduction
The quantification of the extent and structure of genetic variation and the different patterns that it takes in populations of wild plants is essential for: (i) an understanding of the processes of evolution; (ii) the development of appropriate and efficient strategies for conservation; and (iii) the collection and preservation of wild and/or weedy relatives of important crops (Frankel & Bennett, 1970; Frankel & Hawkes, 1975; Simmonds, 1976) . As a model for obtaining information on these questions, few species or species groups are as good as the species of the wheat group (species of the Triticurn-Aegilops group in its broadest sense, including cultivated and wild wheats and goatgrasses; Zohary, 1965) . The wild species have fairly well defined distributions; morphotypes have been described; in most species populations of different sizes can be easily found; and information on genetic variation in some species is already known (Zohary & Imber, 1963; Riley, 1965; Zohary, 1965; Sears, 1969; Segal eta!., 1980; Brody & Mendlinger, 1980; Nevo et a!., 1982 Nevo et a!., , 1988 . *Correspondence In addition to the wheat group's importance in understanding the above, the wild species are also important for our ability to introgress their economically useful genes into cultivated wheat (Zohary et a!., 1969; Dvorak et a!., 1985; Cox et a!., 1990; Dyck et the Sitopsis group have been the focus of a number of studies which have produced several possible phylogeny trees (Morris & Sears, 1967; Johnson, 1975; Feldman & Kislev, 1977; Brody & Mendlinger, 1980; Bahrman eta!., 1988; Vakhitov & Gimalov, 1988; Yen & Kiniber, 1990) . In spite of the importance of this group for wheat breeding and of the numerous studies attempting to determine species relationships, relatively little is known about the extent and structure of genetic variation within species and populations.
In this study, electrophoretically discernible water soluble proteins were examined for 16 loci in 21 populations covering all five Sitopsis species to determine the extent and structure of their genetic variation and the degree of genetic diversity.
Materials and methods
Twenty-one populations, three of Aegilops speltoides, two of Ae. bicornis, eight of Ae. longissima, three of Ae. searsij and five of Ae. sharonensis were collected and screened. The locality of each population in Israel, numbered 1-21, is presented in Fig. 1 . The populations were carefully chosen to represent the ecological and geographical complexity of each species in Israel.
From each population between 30-100 spikes, each taken from a different plant, were collected and separately bagged. Where possible, in each population spikes were collected 2-3 m apart along one or two transects.
Sixteen electrophoretically discernible water soluble leaf proteins were analysed using horizontal starch gel electrophoresis. The protocol and recipes follow Brody & Mendlinger (1980) . One seed per spike was germinated on moist cotton and grown at room temperature next to a window. Leaves from 2-weekold plants were cut, ground in distilled water and the extract absorbed on filter paper wicks which were inserted into the starch gel. The gel was a 13 per cent starch solution (Sigma starch). Each gel contained the extract of five plants from each of three different populations plus a check plant. After electrophoresis, the gels were removed from their moulds, sliced horizontally into three sections and each section stained for a specific protein. After staining, the isozyme patterns of each slice were read by the same two people. All gels were fixed with 10 per cent acetic acid and stored at 4°C. At the end of the study all gels were reread by the same two people.
Two buffer systems were used, Poulik and TM. The 16 proteins examined were (the buffer systems employed are in brackets): phosphoglucomutase, PGM (TM); phosphoglucose isomerase, PGI (Poulik); malate dehydrogenase, MDH, two loci (TM); malic enzyme, ME (TM); glutamate dehydrogenase, GDH (Poulik);
The Genetical Society of Great Britain, Heredity, 74,616-627. indole phenol oxidase, IPO, two loci (Poulik); 6-phosphogluconate dehydrogenase, 6-PGD, two loci (TM); adenylate kinase, AK (TM); hexokinase, HK (TM); glucose-6-phosphate dehydrogenase, G-6-PDH, two loci (TM); catalase, CAT (TM); and general protein (probably the major Ribusco subunit), GP (Poulik).
The extent of genetic variation was quantified by determining in each population and species the mean number of alleles per locus, A, and the proportion of polymorphic loci, P, at the 1 per cent level of allele presence. Nei's coefficient of genetic identity, I, was used to calculate the genetic relationship between the 21 populations and between the five species (Nei, 1972) . The extent of genetic diversity for each locus, D, was calculated as D = 1 -p2 where p is the frequency of each allele at a locus in the population. The total genetic diversity was partitioned for each locus into that resulting from intrapopulation diversity (D0), interpopulation diversity within a species (D) and between-species diversity (D1), (Lewontin, 1972 Only four alleles were found to be species-specific, PGId, 6-PGD-10 and CA T, and all except MDH-2d
were rare. No significant correlation was found between the frequency of any allele and any ecological or climatological parameter. All multiple regression analyses were found not to be significant.
The observed number of heterozygotes (H0), the expected number of heterozygotes under panmixia (He) and the coefficient of inbreeding (F) for each of the 15 nuclear loci are presented in the first three columns in Table 3 . The ratio of the observed to the expected number of heterozygotes was only 0.08.
Fourteen of the 15 loci did not significantly differ from each other, with PGI having a statistically higher proportion of observed heterozygotes than the other loci (0.28 of expected). The next four columns of Table 3 present the genetic diversity for each locus (D) and the percentage of the total genetic diversity contributed by within-population effects, between populations of a species and between-species diversity. The mean diversity was 0.26 7. Over all loci, 51 per cent of the total genetic diversity was contributed by diversity within a population, 16 per cent by diversity between populations in a species and 33 per cent by diversity between species.
The loci can be divided into three groups: 1 low diversity loci (D <0.10), (PGM, 6-PGD-2, AK, HK and CAT); 2 medium diversity loci (0.10< D <0.30), (G-6-PDH-1 and 2, MDH-l, ME and IPO-1); 3 high diversity loci (D >0.30), (PGI, MDH-2, 6-P GD-i , IPO-2 and GDH).
The low diversity loci all had a predominant ubiquitous allele in all populations together with one or more low frequency alleles which were found in several populations over two or more species. Thus most of the genetic diversity for these loci was found within populations (64 per cent) and much less between populations within a species (20 per cent) and between species (16 per cent). For the medium diversity loci, most of the diversity was contributed by alleles that were almost exclusively found in only one species. Consequently, the within-population component of diversity was relatively low (33 per cent) but the between-species component was high (54 per cent). The high diversity loci, with the exception of IPO-2, had a pattern of genetic diversity similar to that of low diversity loci with most of the diversity found within populations (64 per cent) and less between populations of a species (17 per cent) and between species (19 per cent).
The mean genetic identities between populations of the same species were higher than those between populations of different species ( Most populations, regardless of location, size or species, had similar levels of genetic variation (Table 5 ). The mean number of alleles per locus, A , was 1.76 and the mean per cent polymorphic loci, P, was 46 per cent. The structure of genetic variation in most populations was similar with about half or slightly more loci in a population being polymorphic, usually with 2-3 alleles per polymorphic locus. Neither A nor P was significantly different among the five species. Populations from xeric environments (Kerem Shalom, Nir
Itschak, Urim, Gilat, Yeruham, Yatir, Taiyiba) had the same pattern of genetic variation as populations from more mesic environments. Significant correlations were found between sample size and A and P, but the associations were weak (r2 =0.40 and 0.29, respectively). No significant correlations were found between environmental parameters and A or P. The percentage of observed heterozygous loci, H0, was much smaller than that expected, He, in all populations. Aegilops speltoides had significantly higher H0 than the other species. No significant differences were found for He.
All populations except Caramy and Ashdod (Ae.
sharonensis) had high genotype diversity, with a mean of 0.87 (Table 6 ). The genotype pattern in most populations was to have one genotype at high 
Discussion
The extent of genetic variation found within the populations and species examined in this study is greater than previously reported in Sitopsis species (Johnson, 1972; Nakai, 1979; Brody & Mendlinger, 1980;  The Genetical Society of Great Britain, Heredity, 74, 616-627. using seed from only a few plants. The amount of genetic variation found in the Sitopsis species was similar to that found in most other autogamous plant species but the extent of genetic diversity was higher (Nevo et a!., 1979; Hamrick, 1983) . In the tetraploid wild wheat, Triticum dicoccoides, Nevo et a!. (1982 Nevo et a!. ( , 1988 found levels of genetic variation similar to that found in this study but only a third of the genetic diversity found in any Sitopsis species (0.057 vs. This may be because of the large number of low frequency alleles found in the present study that were not unique to any population. Three hypotheses can be invoked to explain, in part or in whole, the richness and pattern of the genetic variation and diversity. 1. Stochastic processes or the neutrality model. 2. Selection via an environmental parameter operating directly on alleles and/or allele complexes. 3. Frequency-dependent selection. If stochastic processes are the primary cause of the extent and structure of genetic variation, the probability of any allele being lost from a population is a function of allele frequency and population size (Kimuru & Ohta, 1971) . Therefore, alleles at low frequency have a higher probability of being lost from small populations than from large populations. If this loss occurs, it should decrease both the total diversity and the withinpopulation component of diversity in small populations and for low diversity loci as compared to high diversity loci. The equality of the within-and betweenpopulation components for both low and high diversity loci and between small vs. large populations as well as the extensive distribution of low frequency alleles do not support this hypothesis.
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The second hypothesis is the selection of specific alleles/genotypes; i.e. the extent and structure of genetic variation is a function of one or more environmental and/or climatological parameters over space and/or time. Selection over space can be both a macroor microhabitat phenomenon. Nevo et al. (1982 Nevo et al. ( , 1988 found significant correlations between allele frequencies and climatological parameters in T dicoccoides, and Nevo et a!. (1979) in Hordeum spontaneum populations. In the present study no significant correlations have been found between environment and allele frequencies. However, microhabitat selection may be occurring. The populations in this study were usually environmentally complex and contained several microhabitats. Microenvironmental selection under similar conditions was found in Avena barbata (Allard et al., 1972) , in Bromus (Brown et a!., 1976) and in Liatris cylindracea (Schaal, 1975) .
The third hypothesis is frequency-dependent selection. Lewontin (1974) and DeBenedictis (1978) suggested that rare genotypes may have a selective advantage because of their rarity so that they remain in the population rather than become extinct via stochastic processes. If frequency-dependent selection is operating on a plant population, the population would contain considerable genetic variation and high diversity, which is what was found in this study. Nevo et a!. (1991) showed that populations of 7'. dicoccoides contain several genotypes that differ in their rates of photosynthesis and they hypothesized that these may be selected for different degrees of shading. Segal et a!. (1980) found that wild populations of Avena and Hordeum are composites of many genotypes, each with a different array of genes for disease control.
The results of this study suggest that the maintenance of much of the genetic variation and its structure is primarily an intrapopulation phenomenon and not an interpopulation one. Whether this is because of microhabitat selection or frequency-dependent selection, or a combination of both, cannot be concluded from the results.
Previous studies examining the relationships between the Sitopsis species have differed in their conclusions. Vakhitov & Gimalov (1988) compared the 5S ribosomal RNA and Kerby & Kuspira (1988) , using cytogenetic evidence, concluded that the five species were more or less equally related to one another. Yen & Kimber (1990) All five species were found to be primarily autogamous. If the outcrossing rate can be roughly estimated as (1 -F )/2, then the outcrossing rates vary between 0 and 5 per cent. Zohary & Imber (1963) reported that large and dense populations of Ae.
speltoides in Israel were predominantly, but not exclusively, allogamous with wind as the main vector. The change from allogamy to autogamy may be explained by the recent decline in the number and size of Ae. speltoides populations. Whereas 30 years ago the species was common and large dense stands were easily found, today, with the increased usage of land for agriculture, these stands have either disappeared or been reduced to a fraction of their former size. This situation would strongly select for autogamous plants. Similar changes in mating system have been found in tomatoes (Rick eta!., 1977) .
